Abstract-An Operational Transconductance Amplifier (OTA) based square-wave and clock generator with independent control over amplitude and frequency has been presented in this paper. Two out of phase square-waves along with rail to rail clocks are generated which are suitable for integrated sensor applications. Both amplitude and frequency of the waveform generator can be controlled independently by tuning the bias currents of the OTAs. These bias currents are controlled by two highly linear tuning OTAs. The complete circuit is implemented fully on-chip in UMC 0.18 µm CMOS process technology making it possible for integration with micro-sensing devices. The measured results show wide sweep capability of amplitude from 280 mVpp to 1 Vpp and frequency from 120 kHz to 900 kHz approximately with good linearity. This generator is suitable for integrated capacitive and resistive sensors and other instrumentation applications.
I. INTRODUCTION
S QUARE-WAVE generators and oscillators find wide range of applications in instrumentation systems. They can be used as stand-alone signal sources or may be a part of integrated sensing system for providing excitation and control. Tuning of amplitude and frequency and independent control adds extra flexibility to the system and required in many sensor based integrated system applications like the micro-machined resistive and capacitive sensors [1] . Micro-machined sensors are widely used nowadays for their miniature size, low cost, high performance and easy integration with CMOS circuits [2] . Fig. 1 shows a general block diagram of a capacitive sensor system. This system can be a single integrated system with a micro-machined capacitive sensor and a signal conditioning circuit integrated together. Hence, the on-chip implementation of the square-wave and clock generator along with the other blocks of the circuit is necessary. In this differential capacitance sensor system one capacitance value increases by ∆C while the other decreases by the same amount due to displacement of the sensor. These two capacitances are excited by two square- 
wave voltage sources-180
o out of phase. The output voltage of the half bridge is buffered. The output of the buffer which is proportional to the change in capacitance is amplified, demodulated and filtered to obtain a direction sensitive d.c. output. In such micro-machined capacitive sensors to make it direction sensitive two out of phase square-waves along with two out of phase clocks are required for excitation and demodulation, respectively [1] , [3] . The excitation voltage amplitude may be selected depending on the sensitivity requirement of the signal conditioning circuit, while the frequency of excitation is decided by the type of sensor used, nominal capacitance in case of capacitive sensor, maximum frequency of operation, noise etc.. In case of surface micro-machined devices feature size is quite small so as the nominal capacitance and the change in capacitance. In these devices two parallel plates form the capacitor and gap between the plates is in micro-meter range and hence the pull-in voltage in between the plates plays a significant role restricting the amplitude of the square-wave. Furthermore, due to fabrication process and the complexity of these structures significant variation is observed after fabrication. Therefore, tuning of the excitation signal is necessary to cope with the variations not only from the MEMS structures but also from the signal generator itself. Furthermore, good linearity is required by most of the systems for easy tuning and calibration. This generator may also be used for other instrumentation applications where tuning of amplitude and frequency is required.
Several circuit configurations can be found in literature which include both voltage and current mode using operational amplifiers [4] , operational transconductance amplifiers [5] and current conveyors [6] , [7] . The voltage mode circuits using operational amplifiers suffer from poor frequency stability and low slew rate [6] . The current mode circuit uses operational transconductance amplifier with some passive devices in simple circuit configurations [5] , [8] . In these realizations OTAs are used as a switching current source for charging and discharging a capacitor followed by a Schmitt trigger circuit. This circuit 0018-9456/$26.00 © 2011 IEEE implementation shows excellent frequency stability as its frequency is determined by the ratio of bias currents [6] . The other current mode realization using current conveyors also provides good frequency stability as it is determined and controlled by the ratio of the passive devices. The amplitude and frequency of these realizations are mainly controlled by the passive devices. Most of these previously reported realizations have been implemented using commercially available components. But in case of on-chip implementation the passive devices exhibit significant amount of variations after fabrication and it is also difficult to tune the passive devices for amplitude and frequency control. Tuning of amplitude and frequency through bias currents of the OTAs also needs a suitable scheme for wide and linear tuning range. In the proposed configuration a highly linear OTA is used for tuning and large tuning range for both amplitude and frequency with good linearity. This same configuration can also generate triangular waveform with variable slope and amplitude which may be useful for other instrumentation applications.
In this paper, a fully on-chip transconductance amplifier based square-wave generator with a new tuning scheme has been implemented and measurement results have been presented. Section II describes the details of the square-wave generator. Simulation and measurement results have been presented in Section III.
II. SQUARE-WAVE AND CLOCK GENERATOR
It is evident from Fig. 1 that for the integrated capacitance measurement scheme, we require square-waves with variable magnitude which are 180 o out of phase and also two constant amplitude clock and clock_bar signals. The frequency of the square-wave should also be tunable. The square-wave and clock generator circuit diagram with out of phase signals is shown in Fig. 2 . It consists of four OTAs with three passive resistors and one capacitor. OTA-2 and OTA-3 along with resistors R1 and R2, respectively are configured as voltage amplifiers which are connected in positive feedback, form a Schmitt trigger. The other OTA, OTA-1, along with the capacitor C forms an integrator which determines the frequency of the square wave depending on its time constant. OTA-4 with resistor R3 provides the out of phase output of the square-wave. The amplitude of the square-waves depends on the bias currents of OTA-2 and OTA-4 (Ib2 and Ib4) and also R1 and R3. On the other hand the frequency depends on the bias currents of OTA-1 and OTA-3 (Ib1 and Ib3), R2 and C. Two inverters are used to generate the clocks (Clock and Clock_bar) from the squarewaves (SW and SW _bar) and two buffers are used for better driving capability of the square-waves.
The operation of the generator can be explained properly through intermediate waveforms as shown in Fig. 3 . Let the output V 1 is saturated at its high level R1 * Ib2 so as V 2 at R2 * Ib3. A high level at V 1 will charge the capacitor C through OTA-1 at a rate of Ib1/C. V C will be charged upto R2 * Ib3 after which V 1 changes its state and saturates at its lower level −R1 * Ib2. From simple mathematical analysis the pulse width (T 1 and T 2), duration (T ) and the frequency (f ) can be found out as mentioned below [5] 
Similarly the amplitudes of the square wave (V 1) and its out of phase signal (V 3) can be written as
From equation (1) and (2) it can be said that the frequency of the generated square-wave can be tuned by the bias currents Ib1 and Ib3 keeping C and R2 fixed, whereas the amplitude can be tuned by tuning Ib2 and Ib4 while R1 and R4 are kept constant. Here, V 1 and V 3 are in out of phase and provide the squarewave signals and hence R1 and Ib2 must be equal to R3 and Ib4, respectively for V 1 and V 3 to be of equal amplitude. Apart from the square-wave and clock signals a triangular waveform is also generated at V c.
The square-wave generator consists of two types of operational transconductance amplifiers (OTAs). First type of OTA which is used as the basic building block of the generator must be of much larger bandwidth than the generated signals. Second type of transconductor is for amplitude and frequency tuning may be of lower bandwidth but must have a large input linear range for wide and linear tuning range.
A. OTAs for the Square-Wave Generator
The general purpose transconductor is implemented using the well-known differential pair balanced operational transconductance amplifier as shown in Fig. 4 , realized with a differential pair and three current mirrors [9] . The differential input voltage is converted into differential current through M1-M2 and mirrored toward the high impedance output node. The output current of the transconductance amplifier can be written as [9] , [10] 
where, β n = (1/2)µ n C ox (W/L) 1,2 -the transconductance parameter of the input NMOS transistors, G m is the transconductance and
where V cm is the common-mode voltage, V id = V in+ − V in− is the differential input voltage, I b is the bias current. These OTAs mostly operate in saturation thus provides the maximum current at the output building up the voltage across the resistors or capacitor. On the other hand, the OTAs for amplitude and frequency tuning operate in the linear range and their output currents follow equation (3) and (4).
B. OTAs for Amplitude and Frequency Tuning
In this paper, we have used a simple but effective transconductance amplifier for large amplitude and frequency tuning range with good linearity. This transconductance amplifier has large linear input range so that it provides very wide tuning range. The tuning transconductor combines the techniques of signal attenuation and resistive source degeneration. Combination of two linearization techniques effectively reduces the harmonic distortion and increases the linear range significantly while the other circuit performances remain well within the acceptable limits. The output current of this OTA is used to provide the bias currents for the OTAs of the square wave generator. The complete schematic of the tuning OTA is shown in Fig. 5 . A differential attenuator with diode connected PMOS load transistors constitute the first stage of this tuning OTA. The differential output voltage from the attenuator serves as the differential input for the second stage which is a source degenerated OTA. The output current of the tuning OTA can be expressed as
Hence, the overall transconductance (G m ) of the tuning transconductor is expressed as
where N = G m * R, is the degeneration factor and
is the ratio of transconductance parameter of the load transistors to that of input transistors and termed as attenuation factor. From equation (6) it can be said that the transconductance of tuning OTA is reduced by the factor of √ m(1 + N ). It can also be shown that the third harmonic distortion of this tuning OTA is reduced by a factor of m (1 + N ) 2 compared to the conventional balanced OTA in Fig. 4 . It is the fact that increase in m, by increasing (W/L) ratio of the load transistors with respect to the input transistors, reduces the harmonic distortion which in turn increases the linear range. But the maximum value of m is limited by the load transistors going out of saturation.
The output current of the tuning OTA (I out ) is added up with the normal fixed bias current (I bias_normal ) (equation (8)) to provide the tuned bias current (I bias_tune ) for the OTAs of the square-wave generator as shown in the bias current generation section in Fig. 5 . 
III. RESULTS AND DISCUSSIONS
The proposed square-wave generator with amplitude and frequency tuning has been designed and simulated in 0.18 µm CMOS technology. The supply voltage V DD is 1.8 V. As mentioned before the square wave generator is build up with the conventional balanced OTAs (Fig. 4) and the bias currents are tuned by the tuning OTAs (Fig. 5) . In this design example bias current of OTA-1, Ib1, is tuned through a tuning OTA for frequency tuning while bias current of OTA-3, Ib3, C and R 2 are kept constant. For amplitude tuning bias currents of OTA-2 and OTA-4 (Ib2 and Ib4) are taken equal and tuned by another tuning OTA keeping R 1 and R 3 fixed. The design values of the different OTAs and the passive devices depend on the requirement of a particular application. Depending on the tuning range requirement, power consumption and availability of the passive devices the design values can be fixed. For this design example the design parameters and transistor dimensions are summarized in Tables I and II , respectively. TOTA-1 is the tuning OTA used for amplitude tuning and TOTA-2 is for frequency tuning. Both the tuning OTAs are similar (Fig. 5 ) with equal bias current and V in− is connected to V DD/2 whereas the tuning voltage (V _tune ) is applied to V in+.
As discussed before a new highly linear OTA (Fig. 5 ) has been used for frequency and amplitude tuning. The transfer characteristic of the tuning OTA is shown in Fig. 7 . The output current I out is plotted against the peak to peak differential input TABLE III  PERFORMANCE SUMMARY OF THE SQUARE-WAVE GENERATOR TABLE IV  PERFORMANCE COMPARISON OF THE PROPOSED SQUARE-WAVE GENERATOR WITH THE PREVIOUS PUBLICATIONS voltage with different attenuation factors. Maximum linear range of 1.2 Vpp is achieved for 1% transconductance variation with attenuation factor of m = 4. This output current is added with the normal bias current (I bias_normal ) and generates the tuned bias current (I bias_tune ) for the OTAs of the square-wave generator. The simulated transient response of the square-wave generator is shown in Fig. 8 . Frequency is around 200 kHz with approximately 1 Vpp amplitude and the duty cycle is almost 50%.
A prototype square-wave generator is fabricated in UMC 0.18 µm CMOS process technology. The microphotograph of the chip is shown in Fig. 9 . The active chip area of the complete circuit is 0.07 mm 2 . The on-chip capacitor of 20 pF occupies 0.016 mm 2 within it. Fig. 10 shows the measured waveforms of the square wave and clock generator. The amplitude of the square-wave (SW) and its out of phase signal (SW_bar) is 1 Vpp approximately. The clock and Clock_bar signals are of rail to rail signal swing. The measured frequency is approximately 120 kHz while the duty cycle slightly differs from 50%. The amplitude variation of the square wave with the tuning voltage is plotted in Fig. 11 . The amplitude of the measured square wave varies from 280 mVpp to 1 Vpp approximately for ±200 mV tuning voltage variation around 900 mV. The frequency of the square-wave can be tuned from 120 kHz to 900 kHz as shown in Fig. 12 . The measured results in Figs. 11 and 12 clearly indicate that both amplitude and frequency tuning exhibit almost linear behavior with some deviations from the simulated results. This deviation is mainly due to the variation of passive devices as well as little bit change in the transconductance of the conventional OTAs in the basic squarewave generator after fabrication. The tuning slope of both amplitude and frequency tuning also slightly differs from the simulated response because of the transconductance variation of the tuning OTAs after fabrication.
The measured results of the fabricated circuit confirm the proper working of the square-wave generator with amplitude and frequency tuning. From the transient response of the generator in Fig. 10 it is observed that the performance of the generator degrades slightly after fabrication. First of all the duty cycle of the measured waveforms is not equal to 50%. It is due to the current imbalances between positive and negative output currents of OTA-1 and the unequal charging and discharging time constants. Secondly, slew rates of the measured waveforms are slightly lower compared to the simulation results. This is because of the finite slew rate of the transconductance amplifiers in the Schmitt trigger. It is also affected by the external pin and probe capacitances during the measurement. Increase in the biasing current of the OTAs and by reducing the internal node capacitances performance of the generator can be improved. The performance of the generator is summarized in Table III.  Table IV compares the performance of the proposed structure with some of the published works [5] , [6] . The proposed design provides wide amplitude and frequency tuning range within 5% nonlinearity compare to the previously reported square-wave generators in lower supply voltage and consumes much less power.
IV. CONCLUSION
A fully on-chip square wave generator with amplitude and frequency tuning has been presented. The generator has been designed and fabricated in 0.18 µm CMOS process technology. Design details and simulation and measurement results have been presented. Measurement results show almost linear behavior of both amplitude and frequency tuning with the tuning voltage. A wide tuning range of amplitude from 280 mVpp to 1 Vpp and frequency from 120 kHz to 900 kHz is achieved. Though measured performance slightly deviates from the simulated results after fabrication, the performance of the generator can be improved through proper design modifications as discussed in the previous section. The proposed squarewave generator is fully on-chip without any external discrete components. It can be easily integrated with the sensor devices which reduces the effect of parasitic components. This generator has a wide and linear range of tuning of both amplitude and frequency which is very much effective to compensate any post-fabrication variation from the micro-machined sensor devices. Its wide linear range eases the calibration process of the sensor system. Furthermore, the complete square-wave generator consumes only 4.5 mW of power.
